Abstract We developed protocols with intact cultured neonatal rat myocytes to directly evaluate the function of the sarcoplasmic reticulum (SR) Ca-ATPase (or SERCA2), Na-Ca exchange (Na-CaX), and slow Ca transport systems (mitochondria and sarcolemmal Ca-ATPase}. Spontaneously beating control cells were compared with cells cultured for 2 days in the presence of verapamil (verapamil-arrested cells, VA). Intracellular calcium (Cat) transients were measured by use of indo-1 during (1) spontaneous twitches, (2) contractures induced by rapid application of caffeine (CafC, with and without Na0), and (3) P<.001), indicating an increase in SR Ca-pumping activity in VA cells. This was also reflected by a 56% increase in the peak [Ca]i reached during CafC used to assess maximal SR Ca content (427±49 nmol/L in control versus 665±75 nmol/L in VA cells). In agreement with these functional effects, we found no change in Na-CaX mRNA levels but a marked upregulation of both the SERCA2 mRNA and protein levels in VA cells (to 166±10% and 164±20%, respectively). Thus, verapamil arrest induced an increase in SR Ca uptake (and SERCA2 expression) without affecting the Na-CaX activity (or expression) or the slow Ca transport systems. (Circ Res. 1994;74:991-997.) 
N eonatal rat cardiac myocytes maintained in primary culture have been used extensively as a simple model to study the mechanisms involved in cellular growth and contractile protein gene expression.1-5 Neonatal rat myocytes in culture have also been used extensively to study cellular 45Ca fluxes. 6 This type of cell culture model also allows relatively long-term study of the direct effects of contraction on myocyte metabolism without the confounding effects that alterations in contractile state may have on the viability of the intact organ or animal. It has been shown, for instance, that contractile arrest (produced by either membrane depolarization or L-type Ca channel blockers) inhibits not only the growth of neonatal cardiac myocytes in culture but also the expression of myosin heavy chain (P-MHC) mRNA and protein.7 This is the opposite of changes in 3-MHC that accompany hypertrophic responses in both cultured cardiac myocytes and the intact heart.2'89 In addition, downregulation of the sarcoplasmic reticulum (SR) Ca-pump (SERCA2) mRNA and Ca transport has been reported during cardiac hypertrophy.10 Verapamil, by limiting intracellular calcium (Ca1) transients, might also be expected to produce changes in expression of Ca transport proteins. Thus, we sought to determine whether chronic verapamil treatment altered the function and expression of the SR Ca pump and Na-Ca exchange (Na-CaX) in neonatal myocytes in culture.
A limitation with measurements of mRNA levels for Ca transport proteins is that changes in message levels do not necessarily correspond to changes in protein levels or Ca transport characteristics. Thus, it is important to measure changes in Ca transport in a system that is as intact as possible. This can help to overcome questions about protein synthesis/degradation rates, cellular regulation, and prevailing ionic conditions.
Since Ca interacts with many components in the cell simultaneously, it can be difficult to draw conclusions about individual Ca transport systems in the intact cell. Conversely, studying Ca transport in fractionated cell systems alters the environment and regulation of these systems. Recently, methods have been developed to analyze the individual function of several Ca transport systems during relaxation in intact cardiac myocytes." [1] [2] [3] [4] In intact ventricular myocytes, intracellular calcium concentration ( [Ca]i) decline is mainly due to SR Ca uptake via SR Ca-ATPase and Ca extrusion via Na-CaX. However, the balance differs, because the SR Ca pump is stronger in rat than in rabbit and the Na-CaX is stronger in rabbit than in rat. 3 Background fluorescence was obtained from the same emission field as used to record the cell fluorescence after the cells were wiped off the chamber and the bath autofluorescence was measured for that particular microscope field. In some experiments we also estimated the [Cali values by using the cell autofluorescence (measuring before indo-1 loading for a particular cell under study) as background. The values obtained were not significantly different from those obtained by use of the bath autofluorescence.
Solutions
The NT solution had the following composition (mmol/L): NaCl 140, KCI 6, MgCl2 1, CaCl2 2, glucose 10, and HEPES 5. In the OCa solutions, CaCI2 was omitted and 1 mmol/L EGTA was added. In the ONa solutions, NaCl was replaced by choline chloride. In the ONa,2Ca depolarizing solution (Hi-K+Ca), 24 mmol/L choline chloride was replaced by equimolar KCI (final KCI concentration of 30 mmolIL). Atropine (0.1 ,umol/L) was added to block muscarinic cholinergic receptors. Solutions containing no Ca were also prepared with 10 mmol/L caffeine. The pH of all solutions was adjusted to 7.4 at 22°C.
Experimental Procedure
Calcium transients were recorded during periods of 100 seconds from randomly chosen cells to evaluate Ca levels and spontaneous frequency. Fast and maintained caffeine application (using a fast solution switcher)'2 was used to produce SR Ca release and to inhibit net accumulation of Ca in the SR.
The relative contribution of the Na-CaX to the regulation of To evaluate the SR Ca reloading process, we first depleted the SR Ca content by fast caffeine application in the presence of Na. Then a variable number of K-twitches in the absence of Na0 were evoked to reload the SR with Ca (with the number determined by pilot experiments). Thereafter, the SR Ca content was assessed by measurement of the peak of a Ca, transient induced by fast application of ONa,OCa caffeine solution.12
Values of the time to peak [Ca]i were also obtained and compared between the two groups of cells. All the procedures described above were applied to both control and VA cells. Further details are provided in the "Results" section. Fig 2) ; then the ONa,OCa caffeine solution was applied to evaluate the SR Ca content in the absence of Na-CaX. The last K-twitch in a given sequence that produced the maximum caffeine-induced Ca transient amplitude was used to study the SR Ca uptake (see below).
Statistical Analysis
As shown in Fig 2, (Fig 3A) , the t1l2 for [Cal, decline was 21.5±+ 1.6 seconds (n=8) and 19.5±+ 1.1 seconds (n=9) for control and VA cells, respectively. These values were not statistically different, which indicates that the combined contribution of the slow mechanisms of Caj removal from the cytosol, namely the sarcolemmal Ca-ATPase and the mitochondrial Ca uptake, seems to be approximately the same in both groups of cells.
When Na was present (Fig 3B) (Fig 4A) and the K-twitch-dependent SR Ca accumulation (Fig 4B) for both control and VA cells. As in our previous observations in adult rabbit myocytes,18 about 4 to 8 K-twitches were sufficient to reload the SR to its maximum level of Ca (as tested by a ONa,OCa caffeine application; see Fig 2) . During a Neither the number of K-twitches necessary to reload the SR nor the fractional SR Ca reloading for a given number of twitches was different between control and VA cells (Fig 4B) . However, the maximum levels of [Ca] Number of K-Twitches 
Discussion
In the present work we showed that VA induces changes in Ca transport during cell relaxation in cultured neonatal rat cardiac myocytes. The SR Ca uptake was markedly increased by VA, but the [Ca]l extrusion by Na-CaX was not affected. These data were paralleled by an upregulation of the SERCA2 gene expression at both mRNA and protein levels and no change in the Na-CaX.
Assumptions and Limitations
Since the neonatal rat myocytes in culture exhibit spontaneous contractile activity, we It is interesting that it took more K-twitches to reach a steady state (often 8 to 10) than the number required to refill the SR (:4, see Fig 2 versus Fig 4B) . This is similar to results in adult rabbit and guinea pig ventricle.22 This may be due to a small increase in baseline [Ca] , an increase in the fraction of SR Ca released, an increase of Ca influx, or even saturation of some slow intracellular Ca buffer or compartment.
It should also be noted that the effects of verapamil arrest on these cultured myocytes do not necessarily provide information about developmental changes or effects of culturing per se. Rather, our results only provide information about how Ca handling is altered by verapamil arrest in this cultured myocyte model. Slow Transport Systems, Na-CaX, and SR Ca Uptake Na was present in the external medium. This is higher than the change found in adult rat ventricular myocytes (about sevenfold),13 in agreement with the finding that the Na-Ca exchanger is more abundant during late fetal and early newborn development both in rabbit and rat myocytes. [24] [25] [26] This also confirms that the Na-CaX is much stronger than the slow systems, such that the tl2 for [Ca] 3B) . These data paralleled the mRNA levels for the Na-CaX measured in the same biological preparation (Fig  5) . The simplest interpretation of this result is that there is no change in Na-CaX gene expression or regulation in VA cells (rather than a change in expression or number of molecules along with an offsetting regulatory change).
Since Na-CaX is crucial in setting resting [Ca] l for the cell, this result is also consistent with there being no significant change in resting [Ca] i levels.
Verapamil arrest, on the other hand, induced a marked increase (see Fig 5) in SR Ca uptake rate evaluated by measuring the tl2 for Caj decline during K-twitches. Simultaneously, in the same experimental model, we found an upregulation of SERCA2 expression at both mRNA and protein levels. Again, the simplest interpretation of this result is that there is an increase in the number of SR Ca pumps, with concomitant increase in Ca transport by the SR Ca pump.
An increased SR Ca pump rate might also explain the The maximum SR Ca content was also increased by -50% in VA cells. This could also result from an increase in the SR Ca pump. Presumably the SR Ca content is established by a pump-leak balance. If the SR Ca pump is increased without a change in Ca leak, then an increase in Ca content is expected. If this interpretation is correct, it emphasizes that the SR Ca content is determined by the pump-leak balance rather than the SR Ca-ATPase. The latter could, however, be the case if there were a concomitant increase in SR volume or calsequestrin (the intra-SR Ca buffer).
In the rat, myocardial hypertrophy is associated with a decrease in SERCA2 expression and the ratio of a-MHC/,f-MHC.29 There is also much interest in the possibility of a simple program of coordinate expression of proteins involved in contraction and Ca regulation. 30 Although we find that VA increases both SERCA2 and a-MHC/,/-MHC, we do not see a significant change in Na-CaX message or function. Thus, if there is a "program" of coordinate gene expression in these cells and our experimental conditions in response to VA, the Na-Ca exchanger does not seem to be involved.
